Respiratory syncytial virus (RSV) is the leading cause of bronchiolitis and viral pneumonia in infants. RSV is the most frequent cause of infant viral death worldwide. A hallmark of RSV disease is abundant mucus production (1, 28) . Mucus contributes to airway constriction, airway hyperresponsiveness (AHR), air trapping, hypoxia, and partial lung collapse in RSV disease (1, 28, 35, 43) . In RSV bronchiolitis, dense plugs consisting of mucus, necrotic epithelial cell debris, and mononuclear cells obstruct the airways (1, 28) . The T H 2 cytokine interleukin-13 (IL-13) is a mediator of pulmonary mucus secretion (24, 59, 61) . IL-13-expressing RSV-specific T cells are found in RSV bronchiolitis (15) . However, mechanisms by which RSV infection induces IL-13 and mucus expression are not known.
We reported that primary infection of BALB/cJ mice with the RSV line 19 strain, but not with the A2 strain of RSV, results in lung IL-13 and mucus expression (29) . RSV strain line 19-induced mucus expression and AHR are IL-13 dependent (29, 54) . Thus, RSV strain line 19 provides a novel, convenient model for investigating mechanisms of RSV-induced mucus production/airway dysfunction. RSV strain differences may contribute to variable immunologic phenotypes observed in RSV disease in humans (56) , as well as regional or seasonto-season variations in RSV disease severity because dominant strains in annual RSV epidemics are generally replaced every year (8, 38, 39) .
In order to investigate mechanisms by which RSV infection causes mucus production, we sought to identify the region(s) of the RSV line 19 genome responsible for augmented mucus induction. Using an RSV reverse genetics system, we identified the fusion (F) gene of line 19 as a mucogenic virulence factor. Furthermore, our mapping studies identified five candidate key amino acids in the F protein that play direct or indirect roles in modulation of the early alpha interferon (IFN-␣) response, enhanced viral replication, and pulmonary mucus expression in RSV infection.
MATERIALS AND METHODS
Cells, viruses, and mice. HEp-2 cells were obtained from the ATCC. Vero (WHO) cells were a gift from Wyeth Lederle Vaccine Programs (Pearl River, NY). The A2 and Long strains of RSV were provided by Barney Graham (NIH, Bethesda, MD) and maintained at Vanderbilt University by passage in HEp-2 cells. The line 19 RSV strain was originally isolated at the University of Michigan and maintained by passage in HEp-2 cells (23, 29) . A2, line 19, and Long are antigenic subgroup A RSV strains. Viral stocks were propagated and titrated by plaque assay in HEp-2 cells as described previously (19) . Female, 6-to 8-weekold BALB/cJ mice were obtained from Jackson Laboratories. All mice were maintained under specific-pathogen-free conditions. Mice were anesthetized by intramuscular injection of a ketamine-xylazine solution and infected intranasally with 10 5 PFU of RSV in 100 l Dulbecco modified Eagle medium (DMEM) or with mock-infected cell culture supernatant as described previously (19) .
Sequencing the RSV line 19 genome. Viral RNA was isolated from unpurified virus particles from medium overlaying virus-infected HEp-2 cells using the QIAamp viral RNA minikit (Qiagen Inc. USA, Valencia, CA). Reverse tran-scription (RT) was performed with Superscript II (Invitrogen Corp., Carlsbad, CA) according to the manufacturer's protocol using five primers designed from the sequence of strain A2 (GenBank accession number M74568) complementary to and evenly spaced along the negative-sense RNA genome. The RT products were amplified into overlapping 3.2-to 3.5-kb segments by PCR using Platinum Pfx polymerase (Invitrogen Corp.). After 30 cycles of amplification, primers and proteins were removed using the QIAquick PCR purification kit (Qiagen, Inc.). The PCR products were subjected to cycle sequencing with BigDye terminators (Applied Biosystems, Foster City, CA) according to the manufacturer's protocol. Between six and eight primers were needed to sequence each of the five PCR products. Unincorporated reagents were removed using the Performa Ultra 96-well plate (Edge Biosystems, Gaithersburg, MD), and the products were analyzed using a 3730 DNA analyzer (Applied Biosystems), inspected, and compiled using VectorNTI 7 software. Primers used for RT and PCR overlapped the first 29 and last 31 nucleotides (nt) of the genome, and hence, these residues were not directly confirmed.
Generation and recovery of chimeric RSVs. RNA was isolated from HEp-2 cells infected with RSV strain A2, line 19, or Long. cDNA was reverse transcribed using primer F-r (TGAAATTCGAGGTCATTGCTT). The F genes were PCR amplified using primers F-f (CAAAATAAACTCTGGGGCAAA) and F-r. PCRs were gel purified and then sequenced. The A2, line 19, and Long F-gene sequences were confirmed from RNA isolated from three separate infections. The F genes were then PCR amplified from cDNA using forward primer FStuI (AGGAATTCAGGCCTTGACCAACTCAAACAGAATC) and reverse primer FSphI (AGGAATTCGCATGCAATTGTGTTTTATATAACTA TAAAC) which incorporated StuI and SphI restriction sites (bold type) into the G-F intergenic region and F-M2 intergenic region, respectively, and added flanking EcoRI sites (italic type). The StuI and SphI sites were previously engineered into the antigenomic A2 cDNA (12) . The F genes were cloned into the EcoRI site of pGEM-9Zf (Promega). Sequence analyses were performed with Vector-NTI software (Invitrogen Corp.).
pLG338-30, a low-copy-number cloning vector, was modified by ablating StuI and SphI sites to create pLG4 (14) . D46/6120 is a modified version of the A2 antigenomic cDNA plasmid D46 (12) in which most (112 nt total) of the 3Ј noncoding region of the SH gene has been deleted, rendering D46/6120 more stable in Escherichia coli than parental D46 (7). The XhoI/BamHI fragment (containing the G and F genes and partial M2 gene of RSV) of D46/6120 was subcloned into pLG4. The use of this low-copy-number vector was essential because the XhoI/BamHI fragment of D46/6120 was not stable in pUC-based vectors during propagation in E. coli even at low temperature (30°C) and reduced aeration (data not shown). The F gene of D46/6120 (rA2) was replaced with the F gene of either RSV A2, line 19, or Long strain using the abovementioned flanking StuI and SphI sites. The resulting XhoI/BamHI fragments were cloned into D46/6120 to generate the full-length antigenomic plasmids rA2-A2F, rA2-line19F, and rA2-LongF. The sequences of the F genes in these plasmids were confirmed.
Confluent BSR-T7/5 cells, which constitutively express T7 polymerase, were transfected with 5 g of antigenomic plasmid (rA2-A2F, rA2-line19F, or rA2-LongF) and four support plasmids (2 g pN, 2 g pP, 1 g pM21, and 1 g pL) which express RSV N, P, M21, and L proteins under the control of the T7 promoter (5, 6, 12) . Transfections were performed using Lipofectamine 2000 (Invitrogen) in Opti-MEM. Transfections were rocked at room temperature for 2 h and then incubated at 33°C and 5% CO 2 for 3 h or overnight. Supernatants were replaced with Glasgow's minimal essential medium supplemented with 3% fetal bovine serum (FBS), 200 mM Glu, and nonessential amino acids. Transfected cells were passaged 1:3 4 days later and then passaged 1:3 every 5 days until syncytia were observed, at which point the BSR-T7/5 cells were scraped in the medium, snap-frozen, thawed, and used to infect HEp-2 cells. When maximal cytopathic effect was observed in HEp-2 cells, serial dilutions of clarified supernatants were used to infect fresh HEp-2 cells, the cells were overlaid with agarose/media, and plaques were picked. Plaques were amplified in HEp-2 cells to generate viral stocks. The F genes were PCR amplified as described above from the recovered virus stocks (rA2-A2F, rA2-line19F, and rA2-LongF), and the F gene sequences were confirmed.
Multistep virus growth curves. Subconfluent HEp-2 cells in six-well dishes were infected in triplicate with RSV strain A2, line 19, Long, rA2-A2f, rA2-line19F, or rA2-LongF at a multiplicity of infection of 0.5 in 750 l. After 1 h of adsorption at room temperature on a rocking platform, the cells were washed with medium (DMEM containing 10% FBS), and medium was added. Supernatants were harvested from each well after 24 h, 48 h, 72 h, and 96 h and clarified by centrifugation, and RSV was titrated in duplicate by plaque assay on HEp-2 cells as described previously (19) .
Quantitation of lung viral load. Lungs were harvested from BALB/cJ mice infected with 10 5 PFU of RSV. Lungs were individually ground in 2 ml minimal essential medium with precooled mortars and pestles and sterile ground glass. Glass and tissue debris were removed from lung homogenates by centrifugation (15 min, 1,000 ϫ g). Lung homogenates were immediately serially diluted and used to inoculate subconfluent Vero (WHO) cells in 12-well dishes. After 1 h of adsorption at room temperature on a rocking platform, the cells were overlaid with DMEM containing 10% FBS and 0.75% methylcellulose. After 5 days, the cells were fixed with formalin and stained with hematoxylin and eosin (H&E) as described previously (19) . We used Vero (WHO) cells in the plaque assays because they yielded RSV A2 strain PFU titers that were approximately 1 log unit higher than those of HEp-2 cells (data not shown).
Quantitation of RSV RNA in vivo. Total RNA was isolated from lung homogenates described above using TRIzol (Invitrogen) according to the manufacturer's instructions. One-step quantitative real-time RT-PCR (qRT-PCR) was performed to measure levels of RSV F (sense) using primers RS-F1 and RS-F2 and probe RS-F3 as described previously (32) . The levels of RSV RNA were normalized to mouse beta-actin mRNA levels (Applied Biosystems TaqMan primer Mm00607939_S1) determined by qRT-PCR simultaneously. PCRs were performed using arrayed SmartCyclers (Cepheid, Sunnyvale, CA). The data are presented as the difference compared to one day 8 A2 infection sample using the comparative threshold cycle method (⌬⌬C T ) described previously (29) .
IFN-␣ ELISA. The lungs were homogenized as described above. IFN-␣ was quantified using a sandwich mouse interferon enzyme-linked immunosorbent assay (ELISA) with horseradish peroxidase-conjugated secondary antibody according to the manufacturer's instructions (PBL Biomedical Laboratories, Piscataway, NJ). Samples were assayed in duplicate. Concentrations were determined using a standard curve obtained from serial dilutions of the mouse IFN-␣ standard provided.
IL-13 ELISA and gob-5 Western blot. The lungs were removed and snapfrozen in liquid nitrogen. The lungs were homogenized with a tissue tearer (Biospec, Racine, WI) in 1 ml of modified radioimmunoprecipitation assay buffer (120 mM NaCl, 50 mM Tris-HCl [pH 8.0], 1% Triton X-100, 0.1% sodium dodecyl sulfate, 1% deoxycholate, 10 mM dithiothreitol, 1 mM EDTA, 0.2 mM phenylmethylsulfonyl fluoride, 1% protease inhibitor cocktail [P8340; Sigma]). Homogenates were clarified by centrifugation at 2,000 ϫ g. IL-13 levels were measured in lung homogenates using an ELISA kit (Quantikine; R&D Systems, Minneapolis, MN). Western blotting for gob-5 and actin in lung homogenates was performed as described previously (21, 22) .
Histopathology. Heart-lung blocks were harvested 8 days postinfection (p.i.) and fixed in 4% paraformaldehyde overnight. The lungs were transferred to 70% ethanol and then embedded in paraffin blocks. Tissue sections (5 m) were stained with H&E to assess histologic changes and periodic acid-Schiff (PAS) to assess goblet cell hyperplasia as a measure of mucin expression. Slides were examined and scored by a single pathologist who was blinded to the experimental groups. For mucin expression, individual airways (bronchi/bronchioles) were scored for goblet cell hyperplasia according to the following scale: 0, no PASpositive cells; 1, Ͻ5% PAS-positive cells; 2, 5 to 10% PAS-positive cells; 3, 10 to 25% PAS-positive cells; and 4, Ͼ 25% PAS-positive cells. All airways involved in the tissue sections were scored (15 to 40 airways per mouse).
Methacholine challenge. We measured AHR 9 days p.i. (29) . The mouse to be tested was anesthetized with pentobarbital (8.5 mg/kg of body weight) given intraperitoneally. The trachea was cannulated with a 20-gauge metal stub adapter. The animal was placed on a small animal ventilator, flexiVent (SCIREQ, Montreal, Canada) with 150 breaths/min and a tidal volume of 10 ml/kg body weight. Airway responsiveness was assessed by administering incremental concentrations of aerosolized methacholine (0, 30, 60, and 100 mg/ml in saline) via an in-line ultranebulizer (Aeroneb; SCIREQ, Montreal, Canada). The SCIREQ software calculates the resistance by dividing the change in pressure by the change in flow (units ϭ centimeter of H 2 O/milliliter/second).
Statistical analyses. Unless otherwise indicated, groups were compared by one-way analysis of variance (ANOVA) and Tukey multiple comparison tests (P Ͻ 0.05). Where indicated, we used the Bonferroni posttest in order to calculate P values. Values below the limit of detection were assigned a value of half the limit of detection, as shown in the figures.
Nucleotide sequence accession numbers. The nucleotide sequence data for RSV strain line 19 genome was submitted to GenBank under accession number FJ614813. Nucleotide sequence data for the F genes of RSV strains A2 and Long from this study were submitted to GenBank under accession numbers FJ614814 and FJ614815, respectively.
RESULTS
The line 19 RSV strain genome sequence is similar to the Long RSV strain genome sequence. In order to facilitate mapping the region(s) of line 19 responsible for pulmonary IL-13 production and mucus induction, we sequenced the line 19 genome. Direct sequence analysis of uncloned, overlapping RT-PCR products generated a 15,191-nt consensus sequence (GenBank accession number FJ614813). This sequence lacked confirmation of the first 29 nt of the 3Ј leader region and the last 31 nt of the 5Ј trailer region, as those sequences represented primer-binding sites. The line 19 genome was compared to the reference A2 (15,222 nt; GenBank accession number M74568) and Long (15,226 nt; GenBank accession number AY911262) genomes. The line 19 genome sequence is similar to the Long strain genome sequence, as there are only 16 nucleotide differences between them (Table 1) . Of those 16 nucleotide differences, 10 result in amino acid differences within the predicted RSV proteins, 2 are within non-protein-coding regions of genes, 2 are single U insertions in gene end regions, and two are within protein-coding regions but are silent (Table 1) .
Of the 10 nonsynonymous nucleotide differences that result in single amino acid differences in the line 19 and Long strains, 6 remained unique to line 19 compared in addition to the A2 strain (Table 1) . For example, the difference in the G genes of line 19 and Long strain (4771 C/A) ( Table 1 ) results in Cys at residue 29 in line 19 and Gly in 29G in Long; however, residue 29G is also Cys in the A2 strain and thus is not unique to the mucogenic line 19 strain. Most coding differences between line 19 and Long are in the F gene ( Table 1) . The RSV A2, line 19, and Long strain F sequences from this study were compared to each other in an amino acid alignment (Table 2) . We determined that amino acids unique to line 19 compared to the Long and A2 strains are 17NS1, 79F, 191F, 357F, 371F, and 557F (Tables 1 and 2) .
Line 19 RSV strain induces IL-13 and mucus production, whereas the Long strain does not. We compared the ability of RSV strains A2, line 19, and Long to induce production of IL-13 and mucus in the lungs of BALB/cJ mice. Mice were mock infected or infected with these RSV strains, and the lungs were harvested 8 days p.i. This time point represents the peak of IL-13 expression induced by RSV line 19 and the peak of lung inflammation induced by line 19 and A2 strain (29, 54) . In contrast to infections with the A2 and Long strains, line 19 infection resulted in significant lung IL-13 expression (Fig. 1) . We did not detect IL-4 or IL-5 in lung homogenates from mice infected with any RSV strain (data not shown). The lungs were Fig.  2A and B) . Line 19 infection resulted in high levels (score of 3 or 4) of airway mucin expression, and the A2 and Long strains did not induce high-level mucin expression compared to mock infection (Fig. 2C) . There was no difference in lymphocytic lung inflammation (H&E stains) induced by A2, line 19, or Long (not shown), consistent with published data comparing A2 and line 19 (29) . We previously measured gob-5 protein expression as a marker of pulmonary mucus and showed that line 19 induces gob-5 expression in the airways of mice, whereas the A2 strain does not (21, 22, 29) . Here, we quantified gob-5 levels 8 days p.i. in BALB/cJ mice that were mock infected or infected with line 19 or Long strain. Line 19 strain infection increased lung gob-5 levels, whereas Long strain infection did not (Fig. 3) . Together, these data show that RSV strain line 19 induced lung IL-13 expression, high levels of airway mucin expression, and lung gob-5 expression, whereas the Long strain did not. Chimeric A2 RSV strain with F-gene substitutions from line 19 or Long strain. As most of the coding differences between RSV strains line 19 and Long are in the F gene and line 19 is more mucogenic in BALB/cJ mice than the Long strain is, we hypothesized that the line 19 F gene plays a role in RSV infection-induced pulmonary mucus production. In order to test the hypothesis, we generated recombinant, chimeric A2 strain RSVs that express either the F gene of A2, line 19, or Long strain (rA2-A2F, rA2-line19F, and rA2-LongF). We compared the in vitro growth of the chimeric and parental RSV strains in HEp-2 cells. The Long and rA2-LongF viruses grew to higher titers in vitro than the other RSV strains (Fig.  4A) . Overall, the F-chimeric viruses grew to titers similar to those of the parental virus from which the F gene was derived (Fig. 4A) .
F protein of line 19 RSV enhances rA2 RSV viral load in vivo. We measured viral load over a time course (day 2, 4, 6, and 8 p.i.) in the lungs of BALB/cJ mice infected with 10 5 PFU of rA2-A2F, rA2-line19F, or rA2-LongF. The rA2-line19F lung viral load was 2 log units higher than the rA2-A2F and rA2-LongF lung viral loads at 4 days p.i. (Fig. 4B) . The rA2-A2F virus had measurable viral titers at 6 days p.i., whereas there was no detectable infectious rA2-LongF at any time point (Fig. 4B) . It is likely that these titers of rA2-A2F are lower than the typical titers reported for A2 RSV in BALB/c mice because we used a relatively low infecting dose (10 5 PFU) in this study. We also compared virus levels of the F-chimeric RSVs with the parental A2, line 19, and Long strains. We used qRT-PCR as a surrogate of viral load because the plaque titers of rA2-A2F and rA2-LongF were at/near the limit of detection (Fig. 4B) . Consistent with the plaque assay data, rA2-line19F infection resulted in higher RSV RNA (F mRNA and antigenomic RNA) levels 4 days p.i. than rA2-A2F and rA2-LongF infection did (Fig. 4C) . The levels of rA2-line19F were significantly higher than the levels of the other RSV strains (Fig.  4C) . Line 19 levels were slightly but not significantly higher than A2 and Long levels (Fig. 4C) . Taken together, these data show that the line 19 F protein increased rA2 viral load in the lungs of BALB/cJ mice. Furthermore, line 19 F residues 79F, 191F, 357F, 371F, and/or 557F were implicated with increased viral load in rA2 infection compared to the Long F protein.
rA2-line19F elicits lower type I IFN levels than rA2-A2F and rA2-LongF. Interferon signaling limits RSV viral load in mice (21) . As the line 19 F protein enhanced viral replication in vivo, we hypothesized that the RSV line 19 F protein modulates the type I IFN response. A2 strain RSV infection induces high levels of IFN-␣ in the lungs of BALB/c mice 24 h p.i., and then IFN-␣ levels rapidly decline (25) . We quantified IFN-␣ in the lungs of RSV-infected mice 24 h p.i. The lungs of line 19 RSV strain-infected mice had significantly lower levels of IFN-␣ than the lungs of mice infected with either A2 or Long strain (Fig. 5A) . Similar to the parental A2, line 19, and Long RSV strains, infection with rA2-line19F resulted in lower levels of IFN-␣ than infection with either rA2-A2F or rA2-LongF RSV strains did (Fig. 5B) . We also measured IFN-␣ 48 h p.i. in the lungs of mice infected with rA2-A2F, rA2-LongF, or rA2-line19F RSV strain. The levels were at/near the limit of detection of the ELISA in all the groups (data not shown). The data show that infection with RSV line 19 results in lower IFN-␣ levels in vivo 24 h p.i. compared to infection with A2 and Long. rA2-line19F RSV induces pulmonary IL-13 and mucus production and AHR. We tested the hypothesis that the RSV line 19 F gene contributes to pulmonary IL-13 and mucin expression in vivo. BALB/cJ mice were mock infected or infected with rA2-A2F, rA2-line19F, or rA2-LongF, and the lungs were harvested 8 days p.i. rA2-line19F infection resulted in lung IL-13 protein levels that were significantly greater than those caused by rA2-A2F, rA2-LongF, or mock infection (Fig. 6) . We assessed airway mucin expression 8 days p.i. in mice that were mock infected or infected with rA2-A2F, rA2-line19F, or rA2-LongF (Fig. 7A) . rA2-line19F infection induced high levels of airway mucin expression, whereas rA2-A2F, rA2-LongF, and mock infection did not (Fig. 7B) . There was no difference between airway mucin levels induced by parental line 19 and rA2-line19F (compare Fig. 2C and 7B) . We quantified lung gob-5 level in mice infected with A2, line 19, Long, rA2-A2F, rA2-line19F, and rA2-Long F. The line 19 and rA2-line19F RSV strain induced equivalent and high lung gob-5 levels (Fig.  8) . Thus, the F gene of line 19 is sufficient for augmented airway mucin expression induced by this RSV strain.
The most important sequela of RSV infection is airway dysfunction. We tested whether RSV line 19F contributes to RSVinduced AHR using methacholine-induced airway constriction (21, 29, 37) . Infection of BALB/cJ mice with rA2-line19F resulted in significant AHR (Fig. 9) . In contrast, infection with rA2-A2F or rA2-LongF did not increase lung resistance greater than mock infection did (Fig. 9) . Some mice infected with rA2-line19F died with higher doses of methacholine. Thus, only the 30-mg/ml dose is shown. The mean level of resistance with rA2-line19F infection was 9.9 cm H 2 O /ml/s, consistent with published AHR data on infection of BALB/c mice with 10 5 PFU of line 19 (29) .
DISCUSSION
We determined that the F protein of RSV plays a role in viral strain-dependent increased airway mucin expression and airway dysfunction. Using a virus rescue system, we replaced the F gene of the nonmucogenic A2 strain of RSV with the F gene of the mucogenic line 19 RSV strain or the F gene of the nonmucogenic Long strain. Infection of BALB/cJ mice with rA2-line19F resulted in higher levels of pulmonary IL-13 production, mucus expression, and AHR than infection with rA2-A2F or rA2-LongF RSV strain. There are six nucleotide differences between the F genes of RSV line 19 and Long strain, and these result in six amino acid differences (positions 79F, 191F, 357F, 371F, 515F, and 557F). However, the 515N residue of line 19 (mucogenic) is also present in strain A2 (nonmucogenic) and thus is not unique to line 19. These data indicate that one or more of the five residues 79F, 191F, 357F, 371F, and/or 557F are involved in the mechanism of RSV-induced mucus production. These residues do not lie directly in described glycosylation sites, proteolytic sites, epitopes, or heparin-binding domains that mediate infectivity (3, 9, 13, 18) . Further studies could define precisely the molecular basis of RSV-induced IL-13 and mucus production, which in turn may lead to targeted therapies for RSV disease as well as a basis for RSV strain comparisons.
The mucogenic phenotype of the rA2-line19F RSV correlated with increased viral load. Infection with rA2-line19F resulted in higher viral loads than infection with A2, line 19, Long, rA2-A2F, and rA2-LongF. Why does the rA2-line19F chimeric virus result in a higher viral load than both native A2 and native line 19? As RSV F is important for viral entry, it is possible that line 19F has enhanced entry in target cells in the mouse lung and that other elements in the A2 genome enhance viral load in vivo compared to line 19. Alternatively, line 19F may increase viral load via suppression of type I IFN or some other mechanism. Given the sequence differences between the F proteins of line 19 and Long (described above), the 79F, 191F, 357F, 371F, and/or 557F residues of line 19F are responsible for enhanced viral load in vivo compared to the Long F chimeric virus.
The mucogenic effect of line 19F compared to LongF may be a consequence of increased viral load. Viral replication is required for the mucogenic effect of wild-type line 19 because UV-inactivated line 19 is not mucogenic (33, 57) . Increased viral load of rA2-line19F may result in mucus expression via increased expression of other viral elements in the A2 genome that stimulate mucus production and airway dysfunction. RSV factors, such as nonstructural protein 1 (NS1), which inhibits type I IFN, or immunodominant epitopes may have mucogenic effects in BALB/c mice in the context of higher viral loads (50, 58) . On the other hand, native line 19 strain viral loads were (Fig. 4C, Fig. 8 , and reference 29). This observation suggests that elevated RSV viral load per se is not sufficient for RSV-induced pulmonary mucus expression. In contrast to rA2-line19F, the increased mucogenicity of native line 19 compared to A2 and Long did not correlate with increased viral load. Line 19 and rA2-line19F RSV strains may induce mucus production and AHR by different mechanisms. We hypothesized that line 19F exerts an early immunologic effect that may result in increased viral replication and subsequent mucus expression. Strikingly, line 19 and rA2-line19F induced significantly lower IFN-␣ expression in the lungs of BALB/cJ mice than Long or rA2-LongF did at 24 h p.i. The difference in IFN-␣ levels between A2 (Fig. 5A ) and rA2-A2F (Fig. 5B ) may reflect possible sequence differences outside of the F gene between the A2 strain in our laboratory and the A2 strain encoded by the rA2 plasmid. Our results showing that the Long strain induced higher IFN-␣ levels in mice than the A2 strain did are consistent with published data that Long induces higher IFN-␣ levels than A2 in human epithelial cell lines and human plasmacytoid dendritic cells (pDCs) (45) . Comparing rA2-line19F with rA2-LongF, we show that RSV F contributes to modulation of the early type I IFN response to primary infection in vivo. The data correlate lower IFN-␣ levels induced by rA2-line19F compared to rA2-LongF with increased viral load and mucus expression. Line 19F may play a direct role in modulating type I IFN. An alternative explanation is that increased viral load of rA2-line19F results in increased NS1 levels which inhibit type I IFN. It is not known at this time whether RSV line 19F modulates type I IFN directly. One possibility is that line 19F has an effect on DCs. Infection of BALB/c mice with either RSV A2 or line 19 increases the number of pDCs in the lungs of BALB/c mice, and pDCs are a major source of IFN-␣ in RSV-infected mice (49, 60) . Depletion of pDCs in line 19-infected mice results in increased viral load and exacerbated airway mucous expression (49) . We speculate that line 19 may induce lower type I IFN expression in pDCs than A2 and Long do. Further studies will be required to determine the roles of IFN-␣ and pDCs in line 19F-induced mucus production.
The glycoproteins of RSV (G, SH, and F) mediate immunomodulatory effects. RSV G (attachment) protein is important for replication in vivo (55) . RSV G also inhibits the host immune response. The secreted form of G protein modulates lung inflammation and pathogenicity, although there is controversy as to whether it enhances or diminishes these effects (2, 30, 47) . The conserved cysteine-rich region of RSV G protein inhibits IL-6 production by monocytes and inhibits T-cell responses (20, 40) . RSV G and/or SH may modulate NK cell and neutrophil recruitment (57) . The SH protein of RSV inhibits tumor necrosis factor alpha signaling (16) . The F protein of RSV can mediate fusion of cells derived from a wide variety of vertebrate species (4). RSV F is also immunogenic and immunomodulatory. RSV F elicits T-and B-cell responses in mice and humans (11) . Purified RSV F protein induces Toll-like receptor signaling (27) . RSV infection suppresses T-cell responses in peripheral blood lymphocyte cultures (41, 42, 44) .
Type I IFNs and direct contact of peripheral blood lymphocytes with RSV F protein have been implicated in the mechanism of RSV-mediated T-cell suppression (10, 41, 46) . RSV line 19F may modulate DC/T-cell interactions and suppress IFN-␣ responses, leading to increased viral replication as well as IL-13 and mucus expression.
RSV strains within antigenic subgroup A exhibit approximately 20% amino acid variability in the G protein and 3% variability in the F protein (53) . A significant finding of our study is that two antigenic subgroup A RSV strains, line 19 and Long, have very similar genotypes (Ͻ1% amino acid variability in G proteins and 1% amino acid variability in F proteins) but elicit differential IL-13 and mucus responses in mice. A limitation of our study is that the cell culture passage histories of line 19 and Long are not defined. Further studies of RSV pathogenesis with RSV clinical isolates will determine whether strain differences contribute to the differential disease phenotypes. Specific RSV genotypes (clades) have been correlated with illness severity in some cases (17, 31) .
RSV strain differences may contribute to differential immunologic phenotypes in humans. RSV disease has been associated with elevated levels of T H 2 cytokines by some laboratory groups, but not others (35) . Mixed T H 1/T H 2 responses are found in RSV-infected children (15, 34, 56) . Circulating RSV strain differences in patient cohorts may contribute to differences reported on the effect of RSV infection on the development of asthma (48, 51, 52) . A better understanding of the impact of RSV strain differences on pathogenesis and immune protection may lead to specific therapies and enhanced vaccine strategies.
